Peripheral nerve trunks are viscoelastic tissues with unique mechanical characteristics. Tensile strength, which includes elastic limit and mechanical failure, concerns surgeons. This study shows that measurements of the load necessary to achieve certain elongations on specimens outside the body do not correspond with in situ measurements. The necessary load is infhenced by the presence or absence of branches and by the amount of fibrosis. Because of transverse contraction, elongation beyond a certain limit substantially decreases intrafascicular volume, leading to increased intrafascicular pressure. Stress relaxation is effective only if the nerve repair site is maintained under constant tension. Its beneficial effect disappears after 10 minutes if the repaired nerve is returned to a relaxed state. Therefore, tension a t the repair site should be minimized.
chanical properties of
The studies presented in that article were discussed extensively by Sir Sydney S~n d e r 1 a n d . l~~'~ Sunderland's studies were performed with human nerves from autopsy specimens removed within 12 hours of death and examined immediately or after fixation in formalin. Sunderland and Bradley" showed that peripheral nerve trunks could elongate proportionally to a certain point under increasing load. Until this point the nerve tissue behaved like an elastic tissue; after the loading the original shape was reassumed. Beyond the elastic limit, the nerve behaved like a semiplastic material. Stress was no longer proportional to strain until mechanical failure occurred. Beyond this point, the nerve elongates quickly without further increase of load until complete separation occurs. The maximal tensile strength was calculated as l to 2.2 kg/mm2 for the ulnar nerve trunk and as 1 to 3.1 kg/mm2 for the median nerve. When only the fascicular tissue values were calculated, tensile strength was 1.7 to 5.3 kg/mm2 and 1.9 to 6.2 kg/ mm2 for the ulnar and median nerves, respec tively .
The mean elastic limit for the ulnar nerve was 15% of elongation (range, 8%-21%) and the mean mechanical failure occurred at 18% elongation (range, 9%-26%). The mean elastic limit and mechanical failure values for the median nerve were 14% (range, 6%-22%) and 19% (range, 7%- Number 31 4 May, 1995 Mechanical Properties of Peripheral Nerves 77 30%), respectively. These values were similar to those of other report^.^ From these studies, researcher~'~ concluded that nerves have at least a 6% ability to elongate, up to which a nerve can be easily elongated without damage.
Other studies have focused on defining the limit of the value of elongation beyond which normal nerve conductivity is lost. Schneider13 and Gray and Ritchie' reported that nerve fiber continued to conduct almost to rupture. Other found that with very slow elongation, conductivity could be preserved to much longer elongations.
In the living body, the nerves are protected against elongation by the bony framework. Only with fracture or luxation and in particular cases with brachial plexus injury are nerves exposed to unlimited traction forces that lead to rupture. The authors' investigation focused on the mechanical behavior of peripheral nerve trunks within physiologic values. Specifically this report examines the mechanical requirements imposed on a nerve trunk within physiologic limits, the anatomic structures that allow the nerve to adapt to these mechanical requirements, and measurements performed on cadaveric nerves during an attempt to simulate physiologic conditions.
REQUIREMENTS
If nerves were located exactly in the plane of motion in all joints they crossed, then limb motion adaptation would not be necessary. However, if a nerve trunk or any other structure was located on the flexor side of a joint, it would have to shorten during flexion and reelongate during extension. If the length of the nerve trunk was equal to the distance along the bed within the limb in extended position, then elongation to the original length would be sufficient to cope with full extension. If the nerve was somewhat shorter than the distance along its bed, the nerve would have to be elongated for that amount during full extension. If a nerve trunk or any other structure was located on the extensor side of a joint, it would have to elongate to follow flexion of the joint and shorten again when the joint returned to the zero position. This shortening and elongation is proportional to the distance of the structure to the plane of motion. The shortening is not a real shortening but rather a slacking down, meaning not only shortening but also getting more volume. In addition, because a nerve trunk may have a diameter of 1 cm or more, there should be a small difference in the amount of motion at the site of the nerve closer to the plane of motion, compared with the site of the nerve more distant to the plane of motion.
In a previous study, the authors" addressed this issue by trying to define both the elongation and shortening of the median nerve. This was done in situ with minimal exposure of the nerve in an effort to disturb the nerve as little as possible. After the nerve was excised, the authors discovered that the length of the nerve was shorter than the length of the bed between the proximal border of the latissimus dorsi muscle and the flexion crease at the wrist joint (rasceta) when the elbow joint was completely extended. At maximal extension of the elbow joint, the median nerve had an average elongation of 4.5%. Stress-strain measurements showed that this 4% to 5% elongation corresponded to a force of 0.5 to 0.6 N/mm2 (Fig 1) . During maximal flexion, the nerve had to shorten by approximately 15%. In another study that addressed the movement of the median nerve in relation to the retinaculum flexorum, the authors2' found that the median nerve moved 9.5 mm into the palm during finger extension. Taking this value into consideration, the necessary elongation of the median nerve trunk is clearly increased.
Several conclusions were drawn from that study. When the elbow joint is extended under normal conditions, the median nerve is exposed to an elongation of about 4%. Elongation increases when the wrist and fingers are also extended. During full flexion, the median nerve must shorten by Stress-strain curve from the median nerve in a fresh cadaver. The blackened box represents the amount of elongation (4%-5%) that the median nerve exhibits at maximal extension of the elbow joint and that corresponds to a force of 0.5-0.6 N/mm2.
15%. This requires space to take up the volume of the difference between the slightly elongated and the shortened nerve. Furthermore, the nerve trunk must be able to move against the surrounding tissue. Finally, because passive motion depends on the distance to the plane of motion, there might be a difference between the fascicles located closer to the plane of motion compared with those located more distant. In addition, the fascicles must have the space and means to move against each other to adapt to the shortened position and to elongation. The ability of the fascicles to move against each other is also necessary to adapt to the bending of the nerve, as well as to adapt to transverse compression. Clearly the data obtained from the cadaver studies cannot be applied directly to the living body. However, adequate evi-Clinical Orthopaedics and Related Research dence suggests that the trends are comparable.
ANATOMIC STRUCTURES

Tissues That Facilitate Passive Motion of Trunks and Fascicles
The epineurium is the outermost layer of a peripheral nerve. It is also called the epifascicular epineurium, in contrast to the interfascicular epineurium between the fascicles. Above this epifascicular epineurium, a loose connective tissue fills the space between the nerve and the surrounding tissue. In neurovascular bundles, this tissue can fuse with a similar loose connective tissue around vessels. This tissue has also been referred to as part of the epineurium. In some reports it is called the adventitia.'' Lang* provided a very detailed description of this tissue and called it the "conjunctiva nervorum" in contrast to the "conjunctiva vasorum." Krstic' also described this tissue in his atlas of micromorphology and used the term ' 'paraneurium . ' ' Paraneurium seems to be very appropriate because it corresponds to the paratendinium as a gliding layer around tendons over sections without tendon sheaths.
The paraneurium fills the gap between the nerve and the surrounding tissue. It is designed to allow motion and provide some space for caliber changes. It also causes some friction, as discussed in a later section. The paraneurium may become fibrotic and form adhesions; it then becomes indistinguishable from the epifascicular epineurium. Shrinkage of the fibrotic paraneurium and/or the combined paraneurium and epineurium may cause compression of the entire nerve trunk, like a stocking that is too tight. Peripheral nerve microsurgeons deal with fibrotic paraneurium when they perform external neurolysis to free a nerve from adhesions to surrounding tissues. To achieve decompression, the fibrotic paraneurium may be incised longitudinally (paraneuriotomy) or the fibrosis of the para-neurium and the epifascicular epineurium (epifascicular epineuriotomy) may be incised.
The second important structure that provides motion is the loose connective tissue between the fascicles, which also provides space filled with loose tissue for volume adaptation. Motion between the fascicles is necessary to allow, for example, a polyfascicular nerve to adapt to transverse compression. The fascicles can change position and, consequently, change the cross-sectional area of a nerve trunk without becoming compressed. Motion between the fascicles is also necessary in a thick nerve trunk to compensate for the difference in distances to the plane of motion, causing a somewhat different motion with flexion and extension.
When a nerve is shortened during flexion, the volume-absorbing effect is necessary because flexion of the joint makes the nerve shorter and causes an increased volume of the shorter segment. Nerve tissue, like fluid, cannot be compressed. If the joint is extended again and the shortened nerve is elongated, the volume decreases. With further elongation, if the length of a given fascicle is extended, the fascicle becomes more narrow along its course, particularly in the middle segment, btcause of the transverse contraction (as defined by physicists). All of these adaptations would not be possible if there was no loose tissue between the fascicles.
If a nerve cannot move in the longitudinal direction because of adhesions of the surrounding tissues caused by fibrosis of the paraneurium and the epifascicular epineurium, then the lack of movement at the level of a nerve trunk can be compensated by the increased longitudinal movement of the fascicles inside the trunk. This may lead to internal entrapment. If the fascicles move in 1 direction but cannot easily return at an entrapment site, symptoms such as pain and paraesthesia develop and subside only if the fascicles are straightened again. If such an entrapment occurs in sequence, fibrosis develops and the dislocation becomes fixed, leading to the typical meander-like deformity S M n ( 0 ) Fig 2. Force (measured in grams) required to coapt the stumps of a transected sciatic nerve of a rabbit with increasing defects. A steep increase in the force necessary to reunite the stumps was observed in gaps larger than 3%.
of the fascicles within the nerve segment. Fibrosis of the interfascicular epineurium may also cause compression of the fascicles. Such fibrosis is treated by epifascicular epineuriectomy and by partial interfascicular epineuriectomy in more advanced cases.
Intraneural vessels are arranged so that stretching has no immediate effect on the circulation. Lundborg and Rydevik'" defined the lower stretching limit, as far as circulation is concerned, as 8% elongation. Clarke and Bearne' observed a 50% decrease of blood flow with elongation of 8%. Miyamoto et allz observed a vascular lesion with an elongation of 8% in 60% of the animals studied and necrosis caused by ischemia with an elongation of 10% in rabbits. With fibrosis of the interfascicular tissue, clearly the effect of stretching on nerves should occur at a lesser degree of elongation. Fig 3A-B. (A) Stress-strain curve of the median nerve of a fresh cadaver. The excised median nerve produced a stress-strain curve with a slow rise of about 3%. Less steep curves were obtained in segments with less hinderence from branches. Thus the steepest curve was obtained with the total length of the nerve (axilla-wrist) and axilla-forearm where branches are present, compared with the axilla-elbow, which has no branches. (B) Ulnar nerve displayed a stressstrain pattern similar to the median nerve. ment was described by Fontana4 and rediscovered by Sunderland.16 Clarke and Beam' provided a comprehensive description in 1972. Both of these well-known mechanisms for adaptation to lengthening and shortening can work effectively only if the delicate structure of the endoneurium are preserved. Because the perineurium envelops the endoneurial space, the perineurial tube must be able to change its diameter. Because the endoneurial structures can be Fig 4A-0 . Stress-strain curve of a fresh human median nerve (A) compared with the curve produced by a nerve exposed to trauma (B). Posttraumatic fibrosis produced much steeper curves, suggesting that the elastic limit is impaired substantially after the nerve has been traumatized.
Undulated Arrangement of the Nerve Fibers Within the Endoneurium
M e d i a n Nerve
S E C O N D RELAXATION TEST AFTER A RECOVERV T I M E OF I5 W I N
, 9 i I MIN TIME Fig 5A-B. (A) Two successive relaxation test curves at 5% strain. Due to stress relaxation, the stress required to achieve the same amount of elongation is considerably less. In addition, when the tissue is elongated to the same extent immediately after deloading, much less load is necessary. (B) When the time interval between the first and second test was 10 minutes or more, the same amount of stress was necessary in the second test to achieve the same elongation.
B
regarded as an incompressible liquid, the volume of a perineurial tube must be the same regardless of the length. Nerve fibers adapt to shortening by increasing the number of undulations in their wavy pattern; this can occur without compression only if the diameter increases. With elongation, the wavy pattern straightens, the volume of the endoneurial tube is distributed over a longer distance and, consequently, the cross-sectional area decreases.
MECHANICAL MEASUREMENTS Stress-Strain Diagram
In a previous study," the sciatic nerves of rabbits were transected and the 2 stumps separated between 8% and 12% of the nerve's free length. To establish coaptation, a force between 6 and 10 g was necessary. Figure 2 shows this experiment repeated with the resection of a larger segment. This diagram shows that, beyond a defect of about 3%, the force necessary to reunite the 2 stumps increased in a much steeper manner. This is compatible with the values of the stress-strain diagram of the median nerve from human cadavers, shown in Figure 1. Figures 3A and B are stress-strain diagrams for the median and ulnar nerves.
After excision of the nerve, the stressstrain curve shows a slow increase of as much as 3%, which differs substantially from that obtained in situ. The steepest diagram was produced when the total length of the nerve from the axilla to the wrist was studied (indicated by solid circles in Figure   3 ). When only the segment between the axilla and forearm was examined (as shown by the solid squares), a similar stress-strain diagram was achieved. These results differed considerably from those obtained from the segment from the axilla to the elbow (solid triangles). The latter represents a segment without branches, and it was assumed that the branches may influence substan- tially the stress-strain in situ. This hypothesis was proved by another study done after transection of the branches (open triangles), which found that the stress-strain curve of the entire nerve from the axilla to the wrist was similar to the segment without branches from the axilla to the elbow. There was a marked difference between the curve in situ without branches and the stress-strain diagram after excision, which is much flatter. This is explained by the fact that outside the body there is no friction by the paraneurium.
SKETCH OF A NERVE SPECIMEN AND THE LOADING DIRECTIONS
All measurements of elastic limit do not reflect reality and cannot be applied to clinical practice, When stress-strain diagrams of normal median nerves were compared with diagrams of traumatized median nerves, much steeper diagrams resulted because of fibrosis. Again this suggests that data obtained with a normal nerve cannot be applied to clinical situations if the nerve has been exposed to severe trauma or previous surgery (Fig 4) .
Creeping Forces
As a viscoelastic tissue, peripheral nerve trunks show creeping. When a viscoelastic tissue is elongated to a certain degree and then kept constant, the force to maintain the elongation decreases with time (relaxation). In contrast, if a viscoclastic tissue is elongated to a certain point and the force is kept constant, the tissue continues to increase in length (retardation). Investigators2') suggest that stress relaxation may be used to overcome stress when treating nerve defects. With an elongation of 6%, the stress necessary to maintain this elongation decreased within 60 minutes to about 50%. In other words, the stress would decrease to the value necessary to achieve the elongation. Figure 5A shows that due to stress relaxation, the stress to maintain a certain elongation decreases substantially; if the tissue is elongated to the same amount immediately after deloading, much less load is necessary. This is due to the fact that the tissue, once elongated, has experienced structural changes that make a second elongation easier. If the tissue is allowed to recover, the original state is reestablished. After the recovery time, the second elongation needs the same load to achieve the same elongation as during the first time. It could be shown that the recovery time for peripheral nerves is about 10 minutes (Fig   5B) . This means that if the relaxation phenomenon or the decrease of the load necessary to maintain a certain elongation will be exploited, the nerve must be kept in constant stress during immobilization. A return to the relaxed state, even for only 10 minutes, allows the nerve to recover and thereafter necessitate the same forces as those needed at the beginning to achieve the same amount of elongation. Because, until now, all techniques of nerve repair tend to keep the nerve relaxed during healing, the stress-relaxation phenomenon cannot be exploited for clinical practice.
Mechanical Recovery
Transverse Contraction
As previously outlined, elongation of a viscoelastic structure causes a transverse contraction with a maximum force in the middle of the segment (Fig 6) . Studies with the thoracodorsal and the musculocutaneous nerve compared the load in a longitudinal direction with the strain in a transverse direction. A clear relationship can be shown (Fig 7) . Calculation of a change in the relative volume using the formula: dV/ V = (dlll/l,J + (dljl,), resulted in the conclusion that an elongation caused a decrease in volume. In clinical practice, this decrease of volume causes an increased mushrooming in the cross section of the transected fascicle. Without transection, it must increase intrafascicular pressure, which is not favorable for endoneurial structures. This is another argument against elongating a nerve beyond an established limit.
